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Myeloma kidney cast nephropathy in a rat mode! of multiple myeloma.
Renal insufficiency occurs in some, but not all, patients with multiple
myeloma and Bence Jones proteinuria. Many of these patients are
found to have a distinctive renal lesion characterized by distal nephron
cast formation. It has been proposed that the specific Bence Jones
protein (BJP) which is produced by a myeloma tumor may play an
important role in the genesis of this cast nephropathy and that patients
excreting BJPs with the highest isoelectric points (p1) are those most
likely to develop this cast nephropathy. We have utilized a rat model of
multiple myeloma to further evaluate the relationship between Bence
Jones proteinuria and the development of myeloma cast nephropathy.
This model employed immunoglobulin-secreting tumors obtained from
a unique strain of rats in which they spontaneously develop. These
tumors were transplanted to a homologous strain of rats and the effect
on renal function and morphology in these rats was evaluated. Four
different kappa light chain synthesizing tumors were studied. Following
transplantation of the tumors, all rats were maintained on a diet
designed to produce an acid urine (pH 5.5 to 6.0) and maximal urinary
concentration (2000 to 3000 mOsm/kg). Among the rats excreting BJP of
p16.7, 17 of 18 had virtually normal renal histology. Of the 15 rats with
BJP of p1 7.6, 11 also had normal renal histology. However, 12 of 12 rats
excreting BJP of p1 5.2 developed a distal nephron, light chain contain.
ing cast nephropathy. In the p1 4.3 group, 6 of 12 rats developed acute
tubular necrosis, and the remaining six animals sustained a less severe
lesion which was characterized by the presence of bland hyaline casts.
The mean serum creatinine level obtained at the time of sacrifice was
elevated (compared to that found in sham-operated controls) in the p1
5.2 group (P < 0.001) and the p1 4.3 group (P < 0.01) but not in the p1
6.7 or 7.6 groups. These results do not support the concept that cationic
BJP's are more nephrotoxic than those that carry a more negative
charge and indicate that other factors must determine the nephrotoxi-
city of a given BJP.
Néphropathie par cylindres rénaux du myélome dans un modèle de
myélome multiple de rat. L'insuffisance rénale survient chez quelques et
non chez tous les malades atteints de myélome multiple et de protein-
urie de Bence Jones. La plupart de ces malades ont une lesion rénale
specifique, caractérisée par Ia formation de cylindres dans le néphron
distal. On a propose que Ia protéine spécifique de Bence Jones (BJP) qui
est produite par le myélome pourrait jouer un role important dans Ia
genése de cette nephropathie par cylindres et que les malades excrétant
une BJP avec les points isoelectriques (p1) les plus haut sont ceux qui
risquent le plus de développer cette néphropathie par cylindres. Nous
avons utilisé un modèle de myélome multiple chez le rat pour évaluer de
facon plus approfondie Ia relation entre Ia protCinurie de Bence Jones et
le developpement de Ia néphropathie par cylindres myelomateux. Ce
modèle utilise des tumeurs sécrétant des immunoglobulines obtenues a
partir d'une souche unique de rats dans laquelle elles se développent
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spontanément. Ces tumeurs ont etC transplantées a une souche homo-
logue de rats et l'effet produit sur Ia fonction et Ia morphologie rénales
chez ces rats a Cté évalué. Quatre tumeurs synthétisant des chaInes
légCres kappa différentes ont été étudiées. Aprés transplantation de ces
tumeurs, tous les rats étaient maintenus a un régime fait pour produire
des urines acides (pH 5.5 a 6.0) a une concentration urinaire maximale
(2000 a 3000 mOsm/kg). Parmi les rats excrétant uric BJP de p1 6.7, 17
des 18 avaient une histologie rénale virtuellement normale. Des 15 rats
avec une BJP de p1 7.6, 11 avaient aussi une histologie rénale normale.
Cependont 12 des 12 rats excrétant une BJP de p1 5.2 ont dCvéloppC une
néphropathie par cylindres contenant des chaInes lCgeres dans le
nephron distal. Dans le groupe p1 4.3, 6 des 12 rats ont dCveloppe uric
nécrose tubulaire aiguë et les six autres animaux ont eu une lesion
moms sévère qui était caractérisée par Ia presence de cylindres hyalins
peu marques. La créatinine serique moyenne obtenue au jour du
sacrifice était Clevée (par comparaison a celle trouvé chez les contrôles
ayant subi un simulacre d'opération) dans Ic groupe p15.2 (P < 0.001) et
dans le groupe p1 4.3 (P < 0.01) mais non dans les groupes avec p1 de
6.7 ou 7.6. Ces résultats ne sont pas en faveur du concept que les BJP
cationiques sont plus néphrotoxiques que celles possédant uric charge
plus negative et indiquent que d'outres facteurs doivent determiner Ia
nCphrotoxicite d'une BJP donnée.
Renal failure is a major cause of morbidity and mortality in
patients with multiple myeloma. Evidence of renal failure may
be found in about 50% of patients with myeloma [1]. Frequent-
ly, the kidneys of patients with myeloma associated renal
failure are found to have a distinctive pathologic lesion charac-
terized by the presence of highly eosinophilic, hard-appearing,
proteinaceous casts in distal nephron tubular lumens [2]. A
number of investigators have attempted to elucidate the mecha-
nisms underlying the development of this cast nephropathy and
renal failure in patients with myeloma. Evidence has been
presented by several investigators to support the concept that
the nephropathy is a result of intratubular precipitation of
Bence Jones proteins (BJPs) (and perhaps other proteins in the
tubular lumen) under certain conditions [3—5]. Others have
suggested that BJP's may be toxic to tubular cells and that this
direct effect may be an important contributor to the renal
impairment seen in myeloma [61. While most investigators feel
that the BJP is an important mediator of the renal failure in
these patients, there is also evidence that some BJP's are not
nephrotoxic. Thus some patients are found to excrete large
quantities of BJP for years and yet maintain normal renal
function [1, 7]. Why certain BJP's seem to be more nephrotoxic
than others is currently unclear. Of interest in this regard,
Clyne, Pesce, and Thompson [4] obtained data from human and
animal studies suggesting that certain BJP's have an increased
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likelihood of causing a cast nephropathy and that the electric
charge of these proteins (as measured by isoelectric focusing)
might be an important determinant of this phenomena. It was
proposed that the more cationic the BJP, the more likely it was
to be nephrotoxic.
Recently, a rat model of multiple myeloma has been devel-
oped by Bazin et al [81. These investigators discovered a strain
of rats (Lou/c) which spontaneously developed immunoglob-
ulin-secreting tumors located in the ileocecal region of the
abdomen. These investigators found that when the tumors were
removed and transplanted into other histocompatible rats, the
immunoglobulin synthetic capability of the tumor remained
intact. These other histocompatible rats, known as Lou/rn,
rarely, if ever, develop spontaneously growing tumors. Each of
the spontaneously developing tumors was found to consistently
synthesize a specific immunoglobulin as defined by electropho-
retic and immunologic techniques. We elected to examine this
rat model of myeloma to see if alterations in renal function and
morphology occurred, and, if so, to see if these alterations were
a function of the electrical charge of the various BJP's.
Methods
The model. A colony of the nontumor-bearing Lou/rn rats
was established with animals obtained from the National Insti-
tutes of Health animal laboratories. Four different kappa light
chain synthesizing tumors were kindly provided us by Dr.
Herve Bazin (University of Louvain, Brussels, Belgium). These
tumor lines were maintained by subcutaneous implantation of 1
mm3 pieces of tumor to Lou/rn rats or by cryopreservation.
Urinary protein quantitation and characterization. Urinary
proteins were quantitated with the Lowry method as modified
by Pesce and First [9]. The urinary proteins were characterized
by cellulose acetate electrophoresis (Zipzone plates and cham-
ber, Helena Laboratories, Beaumont, Texas), immunodiffusion
with specific antisera to rat light chain (Miles Laboratories,
Elkhart, Indiana), isoelectric focusing, and sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Iso-
electric focusing was used to determine the isoelectric point of
the urinary BJP (light chain). Since only one major protein band
was seen on cellulose acetate electrophoresis, no preliminary
separation process was utilized. Urine samples were applied to
the gel after centrifugation to remove any sediment, and after
lowering the ionic strength by appropriate dilution with deion-
ized water.
One millimeter-thick 4.5% polyacrylamide gels with ampho-
lytes of pH range 3.5 to 10 (LKB, Bromma, Sweden), 4 to 6
(Bio-Rad, Richmond, California), or 5 to 8 (Bio-Rad) were run
with an electrophoresis chamber (LKB-21 17) and power source
(LKB 2103). Gel pH was determined with a gel surface p}1
electrode (LKB 2117-111). The gel was cooled with a (Haake,
Berlin, Germany) refrigeration unit. Voltage was slowly in-
creased to 300 volts and the gel was run for up to 5 hr. Protein
bands were identified with 1% coomassie blue stain.
SDS-PAGE was done according to the method of Laemmli
and Favre [101. Two gel types were utilized. One was a 7 to 17%
gradient prepared in a slab and the other was a 12.5% acrylam-
ide gel also prepared in slab form. Acrylamide, Bis(N,N meth-
ylene-bis-acrylamide) Temed(N, N, N', N'- tetra methyl ethyl
ethylene diamine), ammonium persulfate and SDS were ob-
tained from Bio-Rad. Both gels utilized 5% polyacrylamide
stacking gels of pH 6.8. The running gel pH was 8.8. The length
of the 12.5% gel was 10 cm and that of the gradient gel was 15
cm. The gel thickness was 2 mm. Molecular weight standards
(Bio-Rad) were run along with unknown samples. Samples were
run in both the reduced (0.005 M dithiothreitol) and nonreduced
form. Gels were fixed following the electrophoresis with a 10%
trichloroacetic acid and 20% methanol solution, stained with
2.5% coomassie blue, and destained with a 10% methanol, 10%
acetic acid mixture.
Morphologic studies
At the time of sacrifice, the rats were lightly anesthetized
with ether, the abdomen was opened, and one kidney was
removed to obtain frozen tissue for immunofluorescence study.
The other kidney was then fixed by perfusion with 1.25%
glutaraldehyde in 0.1 M sodium cacodylate-HCL buffer (pH
7.4).
The fixed kidney was placed in 10% neutral buffered formalin
and embedded in paraffin. Three- to five-micrometer sections
were cut and stained with hematoxylin and eosin and examined
to determine the severity of cast formation and tubular necrosis
and/or tubular regeneration. Casts were graded on a 0 to 3 +
scale: no casts = 0; occasional casts = 1+; casts in 10 to 25% of
tubules = 2+; casts in more than 25% of tubules = 3+. The
grading of the morphology was done in a blind fashion.
Two main types of intratubular protein aggregates or precipi-
tates were apparent with light microscopy. One type was
composed of homogeneous, bland appearing hyaline casts (Fig.
4D). The other type was more highly eosinophilic and was
present as either hard appearing laminated casts or globules in
clumps or chain forms (Fig. 6A and C). It was possible to
further analyze these protein aggregates with immunofluores-
cence and electron microscopy because they maintained their
same characteristic appearance when the frozen sections were
viewed with phase contrast microscopy. The thick epon-em-
bedded sections were stained with toluidine blue and examined
with light microscopy. The hyaline casts did not appear to
contain light chain when they were examined with the immuno-
fluorescence technique. However, the other types of protein
precipitates showed intense fluorescence (Fig. 11). For this
reason these latter cast forms are referred to as "myeloma"
casts.
Tissue for electron microscopy was kept in 1.25% glutaralde-
hyde in 0.1 M sodium cacodylate-HCI buffer, pH 7.4 for at least
3 hr, postfixed in 1% osmium tetroxide for 1 hr, embedded in
epon, and sectioned with diamond knives. Sections were
stained with aqueous uranyl acetate and lead citrate and exam-
ined with an electron microscope (Philips 301, Einthoven, The
Netherlands).
For immunofluorescence, 2-mm sections of fresh kidneys
were snap frozen in isopentane with —70°C liquid nitrogen.
Five-micrometer cryostat sections were cut, washed thorough-
ly with phosphate-buffered saline (PBS), overlaid with goat
anti-rat light chain diluted 1:10 with PBS, washed again with the
buffer, and overlaid with fluorescein-labelled rabbit anti-goat
IgG (Miles Laboratories, Elkhart, Indiana) diluted 1:10 with
PBS. The sections were examined with a Zeiss Universal II
microscope in the epifluoresence mode using an exciting wave-
length of 470 to 490 nm and barrier filters LP 520 and BP 520-
560 in combination.
194 Smolens et al
Fig. 1. Isoelectric focusing of urine specimens from four rats, each transplanted with a different kappa light chain synthesizing tumor. The
polyacrylamide gel contained an ampholyte with pH range of 3.5 to 10.
Fig. 2. SDS-PAGE determination of molecular weight of urinary proteins from rats transplanted with one of each of the four kappa light chain
synthesizing tumors. Bio-Rad low MW standards (Std) and urinary specimens were run under both nonreduced conditions and with the reducing
agent dithiothreitol [tracks designated with (R)]. Urine samples from rats transplanted with a given tumor are identified with the isoelectric point
(p1) of the light chain synthesized by that tumor.
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Table 1. Effect of transplantation of one of four different BJP synthesizing tumors on duration of rat survival, and serum creatinine, renal
histology, and 24-hr urinary protein at the time of sacrifice
Groupa N'
Serum creatinine
mean SEM Pa Histology
Duration
survival
24-Hr urinary
protein
Control 9 0.96 0.06 (9d) Normal 30 days 6 mg
p14.3 12 1.61 0.19 (8) <0.01 Bland cast nephropathy with myeloma cast 40 days 100 to 200 mg
p1 5.2 12 1.91 0.12 (12) <0.001 Myeloma cast nephropathy 15 days 30 to 60mg
p16.7 18 1.07 0.04 (11) 0.51 (NSe) Normal 40 days 100 to 150mg
p1 7.6 15 1.23 0.10 (14) 0.30 (NSa) Variable 20 days 100 to 150 mg
a The rat groups are identified by the isoelectric point (p1) of the BJP synthesized by the tumor implanted in the rats of that group.
b N refers to the total number of rats studied in each group.
P values were determined by use of the Mann Whitney Test comparing the given group to the control group.
d The number in parentheses refers to the number of rats in whom serum creatinine was determined.
NS not statistically significant.
Animal protocol
The animal protocol was designed to determine if rats bearing
one of the four different BJP secreting tumors developed
myeloma cast nephropathy, and if so, whether the cationic
nature of the given BJP was an important determinant of the
formation of this lesion. BJPs with a p1 greater than the pH of
the urine in which they are dissolved are positively charged or
cationic. The more acidified the urine is, the more positively
charged the BJP becomes, Because Clyne, Pesce, and Thomp'
son [4] had suggested that cationic proteins were nephrotoxic,
all rats were placed on a high acid ash diet (36% casein, 20%
corn starch, 32% sucrose supplemented with peanut oil, vitamin
mix, CaHPO4, MgSO4, NaCI, and K2HPO4) which rendered an
acid urine (pH 5.5 to 6.0). In addition, to further enhance the
development of the cast nephropathy all animals were water-
restricted (30 cc/day) so as to keep the urine osmolality between
2000 and 3000 mOsm/kg.
Groups of 9 to 18 Lou/m rats weighing 250 to 350 g were
anesthetized with pentobarbital (40 mg/kg i.p.) and transplanted
with 1-mm3 pieces of one of the four tumors. A control group of
rats was similarly anesthetized and sham-operated without
being given any tumor. The rats were then kept in individual
cages and placed on the dietary program noted above. Urine
osmolality and pH were measured daily. Periodically the rats
Results
Urinary protein characterization. Control rats (nontumor-
bearing Lou/m strain) excreted 2 to 6 mg protein in the urine per
day. Examination of these urine samples with immunoelectro-
phoresis (with antibody directed against rat light chain) demon-
strated no monoclonal light chains. On the other hand, tumor-
bearing Lou/rn rats excreted urine containing 30 to 200 mg of
total protein per day and immunoelectrophoresis demonstrated
monoclonal light chains in the urine of these animals.
Isoelectric focusing of the urine samples is shown in Figure 1.
Each of the tumor lines produced a light chain with a unique
isoelectric point (p1) which remained unchanged through five to
ten passages of the tumor. As demonstrated in the figure, the
p1's of these light chains were 4.3, 5.2, 6.7, and 7.6.
SDS-PAGE analysis of these urine samples is illustrated in
Figure 2. Urine from each of the four tumor-bearing groups of
rats was examined under both reduced and nonreduced condi-
tions. It can be seen that the major protein band in the urine of
each of the four tumor-bearing groups of rats migrates to about
the 24,000 dalton range under nonreduced conditions. Less
intense bands can also be identified with molecular weights of
45,000 and 60,000. Under reduced conditions, these minor
bands can no longer be seen. Thus, these bands may represent
dimer and trimer forms of the lower molecular weight protein. It
may be noted that there was a shift in the migration pattern of
the protein under reducing conditions. This probably reflects an
effect of the reducing media to allow uncoiling of the globular
protein so that it appears to have a larger effective size. In
addition, multiple bands can be identified in the region of the
most intense band. This may be due to the presence of
3 were placed in metabolic cages and urine was collected under
mineral oil for 24 hr. Animals were sacrificed when inanition
was observed and the animals were no longer able to eat their
food. Prior to sacrifice a 24-hr urine was collected. Blood was
2 obtained to monitor serum creatinine and osmolality. Osmolali-
ty was measured with a vapor pressure osmometer (Wescor,
Logan, Utah), and serum creatinine was determined by the
:_ kinetic alkaline picrate method (Worthington Reagents, Free-
1 ? hold, New Jersey).
Statistics
The statistical method used for comparing the serum creati-
0 I I I nine values of the different groups to the control group was the
Control p1 4.3 p1 5.2 p1 6.7 p1 7.6 Mann Whitney Test.
Fig. 3. Serum creatinine values obtained at the time of sacrifice of rats
which were sham-operated (control) or transplanted with one of the
four tumors (indicated by the p1 of the light chain synthesized by that
tumor). Mean values are indicated by the bars. P values are given in
Table 1.
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Fig. 4. Light microscopy of sections of kidneys obtainedfrom the p16.7 and4.3 rats at the time of sacrifice (see Table 1). In panels A, B, and C are
shown cortex and outer and inner medulla of a kidney from the p1 6.7 group. Renal histology in this group was virtually normal and thus these may
be used as control sections against which the others may be compared. Panels D, E and F are from a p1 4.3 rat. Panel D illustrates tubules in the
cortex which are filled and distended with bland-appearing casts. Panels E and F show hard-appearing globular and granular casts impacted in
tubules in the outer and inner medulla. Focal areas of tubular necrosis may be seen in these cast-filled tubules. (Paraffin sections; hematoxylin and
eosin stain; x160)
proteolytic enzymes in the urine which may "clip" off small
amino acid residues and yield protein molecules which differ
slightly in molecular weight. When the urine samples were run
on the 7 to 17% gradient gel, no protein bands other than those
found on the 12.5% gel were observed.
Animal studies, The results of the animal studies are summa-
rized in Table 1. The four different tumor-bearing rat groups are
identified by the p1 of the light chain synthesized by the given
tumor transplanted to that group of rats. The duration of
survival refers to the time interval from tumor implantation to
inanition at which time the animals were sacrificed. Each tumor
was found to have unique growth characteristics which resulted
in durations of survival which were fairly uniform within each
there was extensive tumor involvement of most organs includ-
ing liver and lung. The limiting factor in survival of these
animals appeared to be the overwhelming tumor burden involv-
ing these organ systems.
The individual serum creatinine values measured at the time
of sacrifice are presented graphically in Figure 3.
p14.3 group. Rats bearing the p1 4.3 tumor survived 30 to 43
days and excreted 100 to 200 mg of total protein per day at the
time of sacrifice. This degree of proteinuria was present for 10
to 20 days in this group of rats. Renal morphology in these
animals was characterized by a bland cast nephropathy (Fig.
4D) frequently accompanied by tubular necrosis and evidence
of tubular epithelial regeneration. Of the 12 animals in whom
group but which varied from group to group. In all four groups renal morphology was evaluated, seven had 3+ hyaline casts
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Fig. 5. Electron micrograph of a myeloma light chain cast (C) occupying the lumen (L) of distal tubule. Note the apparent coalescence of globules
forming a fairly homogeneous highly electron dense cast. Ep refers to tubular epithelial cell. The arrowhead points to an area of epithelial
degeneration. (Epon section; stained with uranyl acetate and lead citrate; x9000)
and six of these had tubular necrosis. In nine of the rats, typical
appearing '
'myeloma' ' casts were present (Fig. 4E and F), but
these were usually much less prominent than the bland hyaline
casts. All 12 rats had some hyaline casts. Immunofluorescence
of the hyaline casts was negative for light chain while that of the
myeloma casts showed intense fluorescence.
When these casts were examined with electron microscopy
(EM), the casts generally assumed one of three forms. Those
which were highly eosinophilic and ''hard' ' appearing on light
microscopy ('' myeloma' ' cast) were highly electron dense and
had the appearance of globules or a coalescence of globules on
EM (Fig. 5). Those which appeared to be bland, hyaline casts
with light microscopy were less electron dense and finely
granular by EM. The third type, which consisted of highly
eosinophilic globules or chains embedded in a hyaline matrix on
light microscopy (Fig. 6A), was found on electron microscopy
to contain globules of highly electron dense material embedded
in material similar to the second type of cast described above
(Fig. 7). At times, electron dense material was found to assume
a fibrillar pattern with fibril diameters of 250 to 375 A (Fig. 8).
Other casts were sometimes found to be composed of smaller
fibrils with a diameter of about 40 to 50 A (Fig. 9). On occasion,
some of the protein aggregates assumed a crystalline appear-
ance either in the tubular cell cytoplasm (Fig. 10) or in the
tubular lumen.
There was good correlation between the morphologic alter-
ations that were present and rise in the serum creatinine. Of the
eight rats in whom the creatinine was evaluated, six had
elevated serum creatinine levels (range 1.2 to 2.4 mg%). All of
these rats had at least 2+ cast nephropathy. The other two
animals had 1 + hyaline casts and no other morphologic abnor-
malities. The serum creatinines were 0.92 and 1 .05 mg% in
these animals. The mean serum creatinine of this group was
significantly different from that of the control group (P <0.01).
p1 5.2 group. Rats bearing the p1 5.2 tumor survived 13 to 17
days. Urinary protein levels rose above normal only in the final
3 to 4 days for these rats and reached levels of only 30 to 60
mg/day. Yet, despite this relatively low level of protein excre-
tion, every rat in this group was found to have abnormal renal
histology characterized by the presence of ''myeloma' ' casts.
Eleven of twelve rats had 2 to 3± ''myeloma" casts and these
were found predominantly in the distal nephron segments. The
appearance of these highly eosinophilic casts was rather van-
able. Some were homogeneous and contained fracture lines.
Others were composed of small globules or granules of protein-
aceous material. Some contained obvious crystals and others
seemed to be a matrix of at least two different types of
proteinaceous materials (Fig. 6A). Immunofluorescence studies
with anti-light chain antisera showed 4+ staining of most casts
in this group of animals (Fig. 11). Although focal areas of
tubular epithelial necrosis and regeneration were seen, these
findings were less apparent than those seen in the p1 4.3 group
of rats. The electron microscopic appearance of the casts was
similar to that described above for the "myeloma" casts of the
p1 4.3 group. The serum creatinine in 11 of 12 of these rats was
higher than that seen in any of the control rats and the severity
of the histologic lesion generally correlated with the degree of
elevation of the serum creatinine. The mean serum creatinine
was significantly different from that of the control animals (P <
0.001).
L
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Fig. 6. Light microscopy of sections of kidneys obtained from p15.2 and 7.6 rats at the time of sacrifice (see Table 1). Note that 11 out of 15 rats in
the p17.6 group had normal renal histology. The remaining 4 of 15 rats had histology similar to that seen in the p15.2 group, and thus representative
pictures are shown together in this figure. Panel A Cortical tubules from a p1.5.2 rat filled with casts which contain chains of globules andfibrils
embedded in a bland protein matrix. (x250) B The inner medulla of the same rat with granular protein aggregates filling collecting ducts. (X250) C
A higher power magnification of outer medulla of api 7.6 rat. (x 750) The intratubular protein aggregates are seen to assume a variety of formations
such as a thick strand in the tubule marked with an asterisk and chains of globules (arrowhead.v) seen in the other tubules. Also present are patchy
areas of tubular necrosis and disruption (large arrow) and tubular degeneration. (Paraffin sections; hematoxylin and eosin)
p16.7 group. The p1 6.7 group of rats survived 37 to 47 days
and were found to excrete 100 to 150mg of protein per day prior
to sacrifice. This degree of proteinuria was generally present in
this group of rats for 10 to 20 days prior to sacrifice. Despite this
prolonged degree of Bence Jones proteinuria, renal histology
(Fig. 4A, B, and C) was virtually normal in 17 of 18 animals.
Mean serum creatinine of this group was not different from that
of the control animals.
p1 7.6 group. The p1 7.6 group of rats survived for 22 to 27
days. At the time of sacrifice these rats were found to excrete
100 to 150 mg of protein per day. In this group the amount of
proteinuria rose above control levels only for the final 3 to 5
days. Findings in this group were variable. Four of the 15 rats
had 3+ myeloma casts and 2+ hyaline casts; three of these had
the highest serum creatinines in the group (2.2, 1.8, and 1.6).
However, the other 11 rats had virtually normal kidneys
histologically. The mean serum creatinine was 1.23 mg/dl, a
value not different from that of the control rat group.
Discussion
In this study we utilized a rat model of multiple myeloma to
examine certain aspects of the pathophysiology of myeloma-
associated renal dysfunction. We demonstrated that rats bear-
ing certain BJP synthesizing tumors develop specific and repro-
ducible renal morphologic and functional abnormalities. Nei-
ther the magnitude nor the duration of Bence Jones proteinuria
predicted the development of these renal lesions.
The rats in the p1 6.7 group had massive and prolonged Bence
Jones proteinuria, and yet there was virtually no effect on renal
morphology or function. Rats in the p1 4.3 group had similar
degrees of proteinuria, but here, acute tubular necrosis was a
frequently observed outcome. The p1 5.2 group exhibited
relatively little Bence Jones proteinuria and yet every rat in this
group was observed to develop light chain containing casts in
distal nephron segments. In addition, renal function (as mea-
sured by serum creatinine) in these animals was diminished,
and this correlated fairly well with the severity of the morpho-
' ' ¶L 4se! c-u- w •
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Fig. 7. Electron micrograph of distal tubule showing the appearance of a cast composed of globules similar to these seen in Figure 7 embedded in a
fine granular matrix. This may be a morphologic correlate of the co-gelation phenomenon discussed in the text. Abbreviation EP, epithelium.
(Epon section; stained with uranyl acetate and lead citrate; x12,000)
logic lesion. The renal outcome ofthe p1 7.6 group was variable.
Four out of 15 animals in this group developed a light chain cast
nephropathy while 11 of 15 of the animals showed no evidence
ofrenal involvement. The factors which determined whether or
not cast nephropathy occurred in this group are not clear. The
amount of Bence Jones proteinuria was the same in the rats
with cast nephropathy and in those without it. In addition the
duration of survival was similar in all rats in this group.
The diversity of renal abnormalities manifested in these four
groups is similar to that found in patients with multiple myelo-
ma. Some patients with myeloma are able to maintain normal
renal function and histology despite persistent renal excretion
of large amounts of BJP. Similarly, the p1 6.7 group of animals
in this study excreted large amounts of BJP and yet maintained
normal renal function and histology. Other patients with myelo-
ma appear to have an increased risk of developing acute renal
failure especially when other factors such as dehydration,
sepsis, or nephrotoxic antibiotics are present [11]. In the
current study, the p1 4.3 group had a strong propensity to
develop acute renal failure when placed on a water-restricted
diet. The factors underlying the development of renal functional
impairment in this rat group may be similar to those in the
myeloma patients who develop acute renal failure. A third
group of patients with myeloma are found to develop a histolog-
ic picture characterized by tubular atrophy, nephron dropout,
and interstitial inflammatory infiltrate [1]. This histologic lesion
was not seen in our rats. However, the p1 5.2 rat group did
develop a distal nephron "myeloma' ' cast nephropathy. This
group was short lived and thus had a limited period of exposure
to the BJP. It may be that a more prolonged exposure to this
BJP might result in a pathologic lesion similar to that described
for the third group of patients.
Several morphologic observations of this study warrant com-
ment. Multinucleated giant cells are often found near cast-filled
tubules in patients with myeloma; this lesion has been postulat-
ed by some to play a role in the pathogenesis of myeloma
kidney dysfunction [12]. Giant cells, however, were not ob-
served in the animals in this study despite the fact that cast
nephropathy and renal failure did occur. Similarly, glomerular
changes, which on occasion have been reported in patients with
kappa light chain proteinuria [13], were not observed in this
study. On the other hand, the highly pleomorphic ultrastructur-
b
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Fig. 8. Conglomerate cast (C) composed offibrils embedded in a finely granular matrix unlike those in Figure 9. These fibrils had diameters of
about 250 to 375 A. This cast merges with a necrotic epithelial (Ep) tubular cell. (Epon section; stained with uranyl acetate and lead citrate;
x39,000)
a! appearances of the intratubular protein aggregates or casts
described in the present study have been observed in electron
microscopic studies of human myeloma kidney [12, 14]. These
include the highly electron dense material present as individual
or aggregrated globules, the less electron dense granular materi-
al, and mixtures of the two. In addition, crystal deposition in
tubular cytoplasm and tubular lumens and lysosomal structures
such as illustrated in Figure 12 have also been previously
reported in patients with Bence Jones proteinuria [14]. The
observation of casts such as in Figures 8 or 9 composed of
electron dense fibrils embedded in a matrix of finely granular
material is certainly compatible with the idea that co-gelation of
at least two different proteins is involved in the genesis of this
cast nephropathy. Fibrillar structures, reported to have diame-
ters of 10 or 40 A, have been noted in previous studies and have
been felt to be either amyloid [141 or Tamm Horsfall protein
[12]. The fibrils noted in Figure 9 had a diameter of about 45 A
while those in Figure 8 had diameters ranging from 250 to 375 A.
The biochemical nature of these fibrils has not yet been
determined. It should be noted that these fibrillar structures
were only rarely observed.
In recent years, observations by several groups have led to
the hypothesis that the distal nephron cast formation of myelo-
ma kidney is generated through the interaction of positively
charged BJPs and negatively charged Tamm Horsfall protein.
Subsequent to this electric charge mediated protein interaction,
co-gelation of these proteins is postulated to occur under ionic
and pH conditions which may be present in the distal nephron.
Clyne, Pesce, and Thompson [4] found that patients excreting
BJP with high isoelectric points (and thus which are positively
charged when p1 > urine pH) seemed to be more likely to have
renal dysfunction than those with BJPs of lower p1. Tamm
Horsfall protein, an anionic mucoprotein (p1 = 3.5 to 4.8)
produced in the distal nephron [15], was found to be a compo-
nent of tubular casts in both human myeloma kidney [121 and in
a mouse model of myeloma kidney [3]. Studies of Tamm
Horsfall protein revealed it to have a strong potential to
aggregate into high molecular weight polymers under certain
conditions [16]. Of particular interest, in vitro studies [17]
suggested that this aggregation was enhanced by the addition of
a BJP under acid pH conditions. The above hypothesis thus
provided a possible explanation as to why some BJPs (the more
cationic ones) were nephrotoxic and others seemed not to be.
Further, it indicated that the more cationic the BJP, the more
likely it was to be associated with myeloma cast nephropathy.
The results of the present study do not support this concept
that cationic BJPs are more likely to cause myeloma cast
nephropathy than less positively charged BJPs. in the model
described in this study, cast formation occurred primarily in the
rats excreting the more anionic BJPs. Only one of the 18 rats
excreting the cationic p1 6.7 BJP and only four of the 15 rats
excreting the cationic p1 7.6 BJP developed a cast nephropathy.
Weiss et a! [18] have also reported evidence indicating that the
presence of a cationic electric charge does not necessarily
render a protein nephrotoxic. This group examined the effect on
renal morphology and function of acute administration of BJP
with a p1 of 6.1, myoglobin with a p1 of 6.9 or -lactoglobulin
with a p1 of 4.7 to 5.3. Of interest, cast nephropathy and renal
a
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Fig. 9. Cast composed offibrils occupying a tubular lumen. These fibrils have a diameter of about 40 to 50 A and were variable in length. The inset
(x237,000) is a higher power view of these fibrils demonstrating their unique ultrastructural appearance. (Epon section; stained with uranyl acetate
and lead citrate; x12,000)
failure occurred following administration of either of the pro-
teins with the lower isoelectric points and did not occur
following administration of the myoglobin which had the high-
est isoelectric point.
Why, in the present study, the p1 5.2 group developed the
myeloma cast nephropathy and the p1 4.3 group developed the
acute tubular necrosis bland cast nephropathy is not clear.
Electric charge phenomena could be involved in a way different
from that discussed above. Many proteins are least soluble
when the pH of the milieu is the same as or close to the p1 of the
given protein. Since the urine pH was maintained near 5.5,
isoelectric precipitation of the p1 5.2 BJP may have occurred, if
this phenomena underlay the cast development in the p1 5.2
group, the presence of a more alkaline pH might be associated
with cast formation in the p1 6.7 or 7.6 groups. While the renal
failure that occurred in the p1 4.3 group probably cannot be
explained on this basis, the histologic findings noted here
differed from those of the p1 5.2 group and thus the mechanism
of the renal failure might have differed as well. Even if
isoelectric precipitation of the BJPs was shown to occur in the
higher p1 groups, our conclusion that the presence of a cationic
electric charge per se does not render a BJP more likely to
cause myeloma cast nephropathy would still remain valid.
Another factor that may be involved in cast formation is the
salt content of the urine. The higher the salt content, the more
likely a protein may be to precipitate or be "salted out." In
addition, certain ions such as Ca, when present, seem to
markedly enhance the aggregation of macromolecules such as
Tamm Horsfall protein and lead to cast formation [15]. In the
four groups of rats in this study, the urinary osmolalities were
comparable and the animals ingested the same diet. However, it
is possible that divalent cations or other urinary solutes were
present in varying amounts iii the different groups possibly
contributing to cast development in the p1 4.3 and 5.2 groups.
While the results of the present study do not support the
concept that myeloma kidney cast formation is dependent on
the presence of highly cationic BJPs, they are not incompatible
with the idea that co-gelation of BJPs and other proteins such as
Tamm Horsfall protein is important to the formation of these
casts (see Figs. 7 to 9). Thus, the propensity of certain BJPs to
lead to a cast nephropathy may be a function of their ability to
associate with and enhance the gelation of Tamm Horsfall
protein.
In addition to the above considerations, another factor that
may be a determinant of the nephrotoxicity of a given BJP is
how the particular BJP is handled by the kidney. Recently,
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Fig. 10. Necrotic proximal tubule containing crystalline (CR) fragments. These crystalline fragments were also observed at times in the casts in
tubular lumens. Commonly noted were large lipid (L) containing bodies in the proximal tubular cell. M represents mitochondria. (Epon section;
stained with uranyl acetate and lead citrate; x 18,500)
Fig. 11. Immunofluorescence of light chain containing casts in the lumens of inner medullary tubules (from a p15.2 group rat). This frozen section
was overlaid with goat antiserum directed against rat light chain and then fluorescein-labelled antibody was directed against goat IgG. (x500)
evidence has been obtained which indicates that both glomeru-
lar filtration and tubular reabsorption of particular BJPs may
vary a great deal depending on the given BJP [19, 20]. The renal
handling of the BJP may be relevant to its putative nephrotoxi-
city in several ways. First, if very little of the BJP is allowed to
reach the distal nephron, this nephron segment may be protect-
ed from the effects of the BJP. Secondly, reabsorption and
metabolism of large amounts of certain BJPs may result in the
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Fig. 12. Proximal tubule showing secondary lysosomes (arrowhead) containing fibrillar material. Similar fibrillar material was observed in tubular
lumens (not shown). M represents initochondria. (Epon section; stained with uranyl acetate and lead citrate; x49,000)
formation of metabolites that may be injurious to the tubular
cell or which may enhance cast formation. Alternatively, reab-
sorption of large amounts of BJP may allow liberation of toxic
lysosomal enzymes from the tubular cells. Thus, the character-
istics which determine how the BJP5 are handled by the kidney
may also help determine their nephrotoxicity.
In summary, we have examined a rat model of multiple
myeloma wherein the kidneys were chronically exposed to one
of four homologous kappa light chains. Animals excreting BJP
of pt 5.2 or 4.3 developed cast nephropathy and renal functional
impairment while those excreting the higher p1 BJPs (6.7 or 7.6)
generally did not. These results do not support the concept that
cationic BJPs are more nephrotoxic than those that carry a
more negative electric charge and indicates that other factors
must determine nephrotoxicity of a given RiP.
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